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Edited by Julian SchroederAbstract Salicylic acid (SA) plays a central role in resistance
and defense induction in response to pathogen attack, but its role
in the activation of the hypersensitive response (HR), a form of
programmed cell death associated with resistance of plants, re-
mains to be elucidated. AtMYB30, a R2R3-MYB transcrip-
tional factor which acts as a positive regulator of the HR, is a
good model for studying the role of SA in programmed cell
death. Here, we demonstrate that AtMYB30 expression in re-
sponse to an HR-inducing bacterial pathogen is dependent on
SA accumulation, but NPR1-independent. Alterations of
AtMYB30 expression (overexpression, depletion by antisense
strategy, T-DNA insertion mutant) modulate SA levels and
SA-associated gene expression. Additionally, mutants or trans-
genic lines altered in SA accumulation (nahG, sid1, sid2), but
not those aﬀected in SA signalling (npr1), abolish the accelerated
cell death phenotype conferred by over-expression of AtMYB30.
These results suggest that AtMYB30 is involved in an ampliﬁca-
tion loop or signalling cascade that modulates SA synthesis,
which in turn modulates cell death.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Plants react to microbial attack with an array of inducible
defense mechanisms, integrated by a complex signalling sys-
tem. Signiﬁcant progress in our understanding of the molecu-
lar mechanisms underlying this plant inducible immune
response has been achieved through cloning and characteriza-
tion of plant resistance genes involved in the recognition (di-
rect or indirect) of pathogen avirulence factors [1]. The
hypersensitive response (HR) is considered as a form of pro-
grammed cell death which occurs at infection sites, thus lim-
iting pathogen growth to a restricted area of the plant. In
most cases, the onset of the HR results in activation of sys-
temic acquired resistance (SAR), a response providing a pro-
tection to the plant against a wide range of pathogens [2].Abbreviations: HR, hypersensitive response; SA, salicylic acid; PR,
pathogenesis related; Pst, Pseudomonas syringae pv. tomato; it AtMY-
B30ox, AtMYB30 overexpressor; AtMYB30ko, AtMYB30 knock out
mutant line; AtMYB30as, AtMYB30 antisense line
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doi:10.1016/j.febslet.2006.05.027The importance of salicylic acid (SA) in the induction of
such resistance responses has been clearly established by both
gain- and loss-of-function evidence. Mutants or transgenic
plants impaired in the accumulation of SA cannot mount eﬃ-
cient defense responses to pathogens after infection [3]. SA
depletion by transgenic expression of a bacterial SA hydroxy-
lase encoded by NahG abolishes local and systemic resistance
responses to various pathogens [4,5]. This has been conﬁrmed
by the use of Arabidopsis mutants impaired in SA accumula-
tion after pathogen infection (sid1/eds5, sid2), showing higher
susceptibility to fungal and bacterial pathogens [6,7]. However,
recent reports indicate that in some cases the loss of resistance
of Arabidopsis NahG plants could be due to degradation prod-
ucts of SA [8], emphasizing the necessity of using the widest
possible range of mutant lines available in order to assess the
role of SA. Since SID2 encodes an isochorismate synthase
(ICS), the isochorismate pathway appeared as the major route
to SA production [9], while SID1/EDS5 is homologous to
putative multidrug and toxin extrusion proteins. The signal
transduction pathway downstream of SA has also been charac-
terized by analysis of the npr1 mutant [10,11].
While SA is a major regulator of SAR and pathogenesis- re-
lated (PR) gene induction, its involvement in the HR is still un-
clear. The HR is normally induced in sid1 and sid2 mutants in
response to diﬀerent strains of Pseudomonas syringae [6,12],
although it can be attenuated in response to Peronospora par-
asitica. Analysis of Arabidopsis lesion mimic mutants (LMM)
has provided additional evidence in favour of a role for SA in
programmed cell death (HR-like lesion formation). Lesion
development is completely abolished by depletion of SA in a
number of these mutants, attenuated and delayed in several,
or not signiﬁcantly altered in others [13]. Also, the contribu-
tion of SA to HR-associated resistance has been demonstrated
to operate through the potentiation of reactive oxygen species
(ROS) generation and cell death [14,15].
We previously reported that AtMYB30 (At3g28910), a gene
identiﬁed in Arabidopsis thaliana on the basis of its speciﬁc, ra-
pid and transient transcriptional activation during the very
ﬁrst steps of the HR, was closely associated with the initiation
of the HR [16]. Furthermore, the analysis of transgenic plants
expressing sense or antisense AtMYB30 transcripts constitu-
tively showed that overexpression of AtMYB30 accelerates
the appearance of the HR in response to avirulent bacterial
pathogens and causes HR-like responses to a virulent bacterial
pathogen. In addition, AtMYB30 overexpression increases
resistance against diﬀerent bacterial and fungal pathogens,
whereas antisense AtMYB30 Arabidopsis lines express a re-
verse phenotype [17]. AtMYB30 may thus be a componentblished by Elsevier B.V. All rights reserved.
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an interesting model for evaluating the role of SA in pro-
grammed cell death. Here, we exploit diﬀerent approaches
aimed at elucidating the role of SA in (i) the transcriptional
regulation of this positive regulator of HR, and (ii) the cell
death phenotype conferred by over-expression of AtMYB30.
Our results show that transcriptional activation of AtMYB30
is dependent on SA production, but is NPR1-independent.
By using the AtMYB30 over-expressor (AtMYB30ox) in com-
bination with NahG, sid1, sid2 and npr1 lines it also appears
that SA plays a major role in the HR cell death programme
controlled by AtMYB30.2. Materials and methods
2.1. Plant material and pathogen infection
Arabidopsis plants were grown under controlled conditions as de-
scribed [18]. For the majority of the experiments, we used the wild-type
ecotype Col-0, sense pBIM131-A1 (AtMYB30ox), antisense pBIW13-
A7 (AtMYB30as) AtMYB30 transgenic lines [17] and the GABI-
KAT T-DNA line 022F04 (AtMYB30koCol-0). For NahG and npr1
crosses, the accession Wassilewskaija (Ws-4) and the pBIM131-20A
(AtMYB30ox) lines were used. A Pseudomonas syringae pv. tomato
(Pst) strain carrying the avrRpm1 gene was syringe-inﬁltrated into
leaves of 4-week old plants at 5 · 105 cfu/mL for symptom visualiza-
tion and at 107 cfu/mL for the other experiments.2.2. Cell death and defense analysis
Total RNA extraction and Real Time Quantitative PCR were per-
formed as described [19]. Cell death was quantiﬁed by monitoring
the uptake of Evans blue (0.25%) by leaf discs from inoculated or
healthy plants as described by [20]. The assay was performed with 8
leaf discs (5 mm diameter) from the inoculated zone of 4–5 plants.
Three replicates per point were performed. In planta bacterial growth
was evaluated as described [19].2.3. Salicylic acid extraction and analysis
250 mg of tissue were ground in liquid nitrogen after the various
treatments. 50 ng of an internal standard (ortho-anisic acid) were
added before the extraction and total SA (free SA plus SA conjugate)
was extracted as described [21]. Samples were resuspended using 15%
acetonitrile in 25 mM KH2PO4 (pH 2.6) and analysis performed as
described [22].0.5
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Fig. 1. Quantitative RT-PCR analysis of AtMYB30 expression in Arabidops
and/or signalling: NahG (red), sid1 (purple), sid2 (blue) and npr1 (orange). Le
an average of two or three replicates, and the experiment was repeated three2.4. Genetic analysis
Arabidopsis NahG (Col-0) [23] transgenic lines were crossed with
AtMYB30ox (Ws-4) plants, using AtMYB30ox as the pollen donor.
F2 plants were screened by PCR to identify plants containing the
NahG and the AtMYB30ox transgenes and their progeny analysed in
the same way to identify homozygous F2 lines. npr1(Col-0) [10],
sid1(Col-0) and sid2(Col-0) [6] mutants were crossed with AtMYB-
30ox(Col-0 or Ws-4) and F2 plants were screened using CAPS and
PCR analysis, to identify plants homozygous for these mutations
and containing the AtMYB30ox transgene. Excepted for NahG and
npr1 (for which the AtMYB30ox line used was in the Ws-4
background), the genetic background of these crosses was Col-0. At
least 2 independent homozygous double mutant lines for each cross
were used in all the experiments. For the NahG/ or npr1/AtMYB30ox
double mutants, in order to assess a potential eﬀect of mixed genetic
backgrounds on the analysis of phenotypes, we used a higher number
of double mutant lines (between 3 and 5) for the analyses. All these
lines showed similar phenotypes and in addition the phenotypes
conferred by over-expression of AtMYB30 in the 2 genetic
backgrounds were identical (data not shown).3. Results
3.1. AtMYB30 expression is dependent on SA production
To elucidate whether AtMYB30 expression is aﬀected by the
SA pathway, we made use of transgenic NahG plants together
with mutants (sid1, sid2) that fail to accumulate SA, and mu-
tants aﬀecting SA signalling (npr1). We evaluated AtMYB30
expression by quantitative RT-PCR after inoculation with an
HR-inducing strain of Pst (Fig. 1). While AtMYB30 expres-
sion was maximal 1–2 h post-inoculation in the wild-type, it
was slightly delayed (2 h) but not quantitatively modiﬁed in
the npr1 mutant. In contrast, expression was drastically
reduced in the NahG line (Fig. 1A). In the sid1 background,
AtMYB30 expression was also signiﬁcantly modiﬁed
(Fig. 1B), both with a 2 h delay and a reduced maximum com-
pared to wild-type. However, the eﬀect of the sid2 mutation
was much more pronounced, and broadly comparable to that
observed for the NahG line (Fig. 1B). Since SA accumulation is
undetectable in NahG and sid2, and drastically reduced in sid1
(10–20% of the wild-type levels) in response to avirulent Pst
[24], these data indicate that AtMYB30 expression is depen-
dent on SA accumulation, but on the other hand is not
NPR1-independent. The fact that a treatment with exogenousG
en
e 
 e
xp
re
ss
io
n 
(fo
ld 
ind
uc
tio
n) 
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 2 4 6 8 10
Hours post inoculation
B
is wild-type plants (green) and lines/mutants altered in SA biosynthesis
aves were inoculated with Pst DC3000/avrRpm1. Each measurement is
times with similar results.
2000A
3500 S. Raﬀaele et al. / FEBS Letters 580 (2006) 3498–3504SA (1 mM) is able to induce AtMYB30 expression (2–3 fold
over the control) in the wild-type but also in the npr1 back-
ground (data not shown), reinforces this conclusion. (fo
ld 
ind
uc
tio
n)
n
g/
g 
of
 F
W
 
Hours post inoculation
600
800
1000 ICS
0
400
1200
1600
0 4 8 12 16 20 24
B3.2. Altered expression of AtMYB30 modulates SA levels and
SA-associated gene expression
In addition to showing that AtMYB30 expression is regu-
lated by SA, we investigated whether alterations of AtMYB30
expression inﬂuenced endogenous levels of SA. For this pur-
pose, we used both transgenic and mutant AtMYB30 lines
showing diﬀerent levels of AtMYB30 expression upon inocu-
lation with an avirulent strain of Pst (Fig. 6, supplementary)
and measured the basal levels of total SA at diﬀerent times
after inoculation. Fig. 2A shows that, as compared to the
wild-type, SA levels are signiﬁcantly increased in AtMY-
B30ox, and drastically reduced in both AtMYB30as and At-
MYB30ko lines. In line with these data, the expression
levels of two marker genes of the SA pathway, ICS (involved
in the biosynthesis of SA) and PR1 were found to broadly re-
ﬂect the SA levels, especially for the AtMYB30 overexpressing
line (Fig. 1B and C, respectively). Hence, AtMYB30 expres-
sion may be critical for the regulation of the SA defense sig-
naling pathway.G
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Fig. 2. Eﬀect of modifyingAtMYB30 expression on SA production and
SA-associated marker gene expression. Measurement of total SA (ng/g
of FW) (A) and Q RT-PCR analysis of expression of SA marker genes
(ICS (B), PR1 (C)) were performed in wild-type (green), AtMYB30ox
(red), AtMYB30ko (black) and AtMYB30as (blue) plants after inocu-
lation by Pst DC3000/avrRpm1. For SA measurements, two indepen-
dent experiments were performed, and the means from three replicates
of a representative experiment are shown. For Q RT-PCR analysis,
means of two representative experiments out of four are shown.3.3. Mutants altered in SA accumulation abolish the accelerated
cell death phenotype conferred by over-expression of
AtMYB30
Taking into account the results presented above and the fact
that (i) AtMYB30 positively regulates HR and resistance in
plants and that (ii) SA is a central mediator of plant defense,
we can speculate that AtMYB30 might be involved in a signal-
ling cascade that modulates (directly or indirectly) SA synthe-
sis. To investigate this hypothesis, we constructed AtMYB30ox
double mutant plants in the NahG, sid1, sid2 and npr1 back-
grounds, and evaluated their HR phenotype. A low inoculum
test was developed so that 3–4 days after inoculation with an
HR-inducing strain, the HR lesions were only visible for the
AtMYB30ox line, and not for the wild-type. Fig. 3 (A and
E) shows that, as for the wild-type lines, neither the NahG/
AtMYB30ox double mutant lines nor the sid1/AtMYB30ox
and sid2/AtMYB30ox lines exhibit HR lesions. In addition,
these visual observations are supported by the quantitative
evaluation of HR cell death in these plants (Fig. 3B). Unlike
the AtMYB30ox line, the two NahG/AtMYB30ox double mu-
tants did not show increased cell death rates, and resembled
both wild-type and nahG lines. Similarly, the increased defense
gene expression (Fig. 3C) and resistance phenotype (Fig. 3D)
displayed by AtMYB30ox were absent in the double mutants,
which exhibited PR1 gene expression and bacterial growth
rates similar to those of NahG, respectively, 1 and 3 days
post-inoculation. These results indicate that the cell death
and resistance phenotypes conferred by over-expression of At-
MYB30 are dependent on SA accumulation. In striking con-
trast, a mutation in the NPR1 gene had little or no eﬀect on
the AtMYB30ox phenotype (Fig. 4). HR lesions appeared at
the same time (Fig. 4A) as in the wild-type lines, although a
quantitative evaluation of cell death showed that the intensity
of the cell death peak observed during the HR was slightly
lower for the double mutants than in the AtMYB30ox line
(Fig. 4B). On the other hand, and rather surprisingly, thesedouble mutant lines did not show higher PR1 gene expression
(Fig. 4C) nor any increased resistance to Pst (Fig. 4D). Taken
together these results indicate that the activation by AtMYB30
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Fig. 3. Phenotype of NahG/, sid1/ and sid2/AtMYB30ox double mutants, as compared to the parental lines. Symptoms showed by NahG/
AtMYB30ox (A) and by sid1/AtMYB30ox and sid2/AtMYB30ox double mutants (E), 3 days after inoculation by Pst DC3000/avrRpm1. Leaves were
syringe-inﬁltrated on a 1 cm2 area of the leaf half opposite to the black dot. Three independent experiments were performed with at least 16 plants per
experiment, and representative symptoms are shown. (B) Cell death rate measured by Evans blue test, 0 h (white bars) and 24 h (grey bars) after
inoculation by PstDC3000/avrRpm1. One representative experiment out of two is shown here, and values are means of ﬁve replicates. (C) Q RT-PCR
analysis of expression of PR1 marker gene was performed 24 h post-inoculation. One representative experiment out of two is shown here, and values
are means of three replicates. (D) In planta bacterial growth 0 days (white bars) and 3 days (grey bars) after inoculation by Pst DC3000/avrRpm1.
One representative experiment out of two is shown here, and values are means of ﬁve replicates.
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Fig. 4. Phenotypes of npr1/AtMYB30ox double mutants inoculated by PstDC3000/avrRpm1. (A) Symptoms shown by plants 3 days after
inoculation. Leaves were inoculated as in Fig. 3. (B) Cell death rates were measured by the Evans blue test, 0 (white bars) and 24 h (grey bars) after
inoculation. One representative experiment out of two is shown here, values are means of ﬁve replicates. (C) Q RT-PCR analysis of PR1 gene
expression was performed 24 h post-inoculation. One representative experiment out of two is shown here, and values are means of three replicates.
(D) In planta bacterial growth, 0 (white bars) and 3 (grey bars) days after inoculation. One representative experiment out of two is shown here, values
are means of ﬁve replicates.
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upon SA accumulation but is upstream or independent of
NPR1, whereas the increased resistance resulting from this
activation is NPR1-dependent.4. Discussion
In this paper, we provide genetic and molecular evidence
that AtMYB30, a R2R3 MYB transcriptional regulator of
the HR cell death programme in Arabidopsis, (i) is involved
in a signalling cascade that modulates (directly or indirectly)
SA synthesis, (ii) acts through the SA pathway, and (iii) that
its expression is regulated by SA. While SA has been demon-
strated to be a central regulator of defense and resistance in
Arabidopsis, especially for the response to the bacterial patho-
gen P. syringae, its role in the HR cell death programme is less
documented. Here, we clearly show that HR cell death control
by the regulator AtMYB30 is dependent on SA accumulation,
but independent of NPR1, a signalling component down-
stream of SA accumulation.
AtMYB30 activation in response to an avirulent strain of Pst
(initiating 1 h post-inoculation) is suppressed both in the sid2
mutant and NahG line, suggesting that a constitutive pool of
SA and SA synthesis from precursors are necessary for
AtMYB30 induction. As previously demonstrated [14,15], SAmight operate through the potentiation of reactive oxygen spe-
cies (ROS) generation during this very early event. Subse-
quently, the ICS gene is positively regulated by AtMYB30
(about 6 h post-inoculation), resulting in increased SA produc-
tion (Fig. 2), and SA has been shown to positively regulate HR
cell death. It should be noted at this point that we cannot ex-
clude the possibility that the AtMYB30ox and AtMYB30as
lines may have signiﬁcant non speciﬁc impacts, aﬀecting for
example the expression of other MYBs. However, the pheno-
types of these latter lines are clearly opposite (whatever the ef-
fect observed), and the AtMYB30as and the AtMYB30ko lines
show similar phenotypes, suggesting at least that the major ef-
fects observed are related to AtMYB30 deregulation. Taken
together these data suggest that AtMYB30 might be involved
in an ampliﬁcation loop or signalling cascade that modulates
(directly or indirectly) SA synthesis, which in turn modulates
cell death (Fig. 5). This model is consistent with previous ﬁnd-
ings [13] and is supported by the fact that AtMYB30 expres-
sion can be induced by application of exogenous SA (data
not shown). However, cell death acceleration and a more pro-
nounced HR phenotype resulting from over-expression of At-
MYB30 are independent of NPR1 (Fig. 4), while resistance
and PR gene induction (data not shown) is dependent on this
signalling component. This suggests, as in other cases [25,26],
that cell death and resistance can be at least partially or tem-
porally uncoupled, and that AtMYB30 requires NPR1 for de-
fense and resistance activation.
ROS ?
SAPCD
SID1
ICS
PR1 expression
SA-related genes
NPR1
?
Pathogen Recognition
SI
Resistance to Pst
MYB30
Fig. 5. A hypothetical model for the interrelationship between
AtMYB30 and the SA pathway. Red arrows indicate positive eﬀects
and the thickness of the arrow indicates the importance of these
eﬀects.
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AtMYB30 expression might be explained by the fact that SA
accumulation is undetectable in NahG and sid2, but only
reduced in sid1 (10–20% of the wild-type levels) in response
to avirulent Pst [24]. Another possibility could be that
AtMYB30 expression also requires NahG-degradable com-
pounds not synthesized via isochorismate, and/or isochoris-
mate-derived compounds other than SA and independent
of SID1 for their action. Indeed, recent reports indicate that
the eﬀect of the NahG transgene is not as straightforward as
previously thought [8,24], and that regulation of cell death
by SA is probably more complex than previously thought
[27].
In conclusion, SA appears to play an essential but com-
plex role in AtMYB30-mediated control of the HR cell
death programme, and conversely AtMYB30 expression acts
as a positive regulator of SA synthesis. Since the various sig-
nalling pathways activated following pathogen recognition
are probably not linear, and may involve other major
endogenous signal molecules such as jasmonates and ethyl-
ene, further studies are necessary to reﬁne our model. Iden-
tiﬁcation of the target genes of AtMYB30 should also help
to further our understanding of the mode of action of this
cell death regulator.Acknowledgements: We thank Gise`le Borderies for help with HPLC
measurements, Maurice Tronchet for technical help and David Barker
for critical reading of the manuscript. This work was supported by a
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found, in the online version, at doi:10.1016/j.febslet.2006.05.
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